ICat was activated either by externally applied carbachol or, to bypass receptors, by intracellular GTP-y-S.
2. Independently of the main permeant cation the current-voltage (I-V) relation for Iat was U-shaped between the reversal potential (usually 0 mV) and very negative potentials such as -120 mV where current could be virtually lost. Adding Ca2+ to Ca2+_ and Mg2+-free external solution reduced inward current and made it less U-shaped whereas adding Mg2+ reduced inward current and shifted more positively the potential at which maximum inward current occurred.
3. Activation of the conductance underlying Ihat could be described by the Boltzmann relation which was shifted positively by adding Ca2+ or Mg2+. Extracellular Ca2+ also distorted the relation by increasing the slope factor; maximal conductance was reduced in all cases. Icat relaxation at negative potentials was accelerated by increasing Mg2+ and slowed down by Ca2+.
4. These data suggest the presence of fixed negative surface charges on or near the muscarinic receptor cationic channel, which allow its modulation through alteration of surface potential. Additional more direct ion binding to and blocking of the channel cannot be ruled out. Some additional effects of Ca2P (if compared with Mg2+) could be explained on the assumption that the CaP+-binding activation site known to be present on the internal side of the channel can be accessible to Ca2+ entering through the open channel during muscarinic receptor stimulation, as Ca2+ ions contribute to a limited extent to Icat. 5 . We conclude that voltage-dependent gating of muscarinic receptor cationic channels is an intrinsic channel property and that Ca2+ and Mg2+ have strong modulatory effects.
Acetylcholine is the major excitatory neurotransmitter of mammalian intestine, which depolarizes intestinal smooth muscle cells by muscarinic receptor cationic channel opening. Among ligand-activated currents this inward cationic current (Icat) shows a rather unusual voltage dependence; it is U-shaped at negative potentials and as the membrane potential is progressively shifted towards more negative values Icat can be eventually inhibited (Benham, Bolton & Lang, 1985) . Voltage-dependent gating of these channels has been suggested as an underlying mechanism (Inoue & Isenberg, 1990a) . Another known example of a very similar current-voltage (I-V) relation is the neuronal NMDA receptor channel, the conductance of which can be described by a Boltzmann-type function (O'Connor, Rowan & Anwyl, 1994) . However, in this case the strong voltage dependence of the whole-cell current is observed only in the presence of external Mg2+ and occurs because of a voltagedependent channel block by Mg2+; removal of Mg2+ almost eliminated the voltage dependence (Mayer, Westbrook & Guthrie, 1984; Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984; Jahr & Stevens, 1990 ). This does not seem to be the case for the smooth muscle muscarinic receptor channel (Benham et al. 1985) though details are still not clear. Experiments by Inoue & Isenberg (1990a) were performed with 2 mm of both Mg2+ and Ca2+ in the external solution whereas Inoue (1991) noted that Mg2+ blocked Ihat with the apparent dissociation constant (Kd) of about 10 mm and Ca2+ increased Icat. However, the precise effects of Ca2+ and Mg2+ on the voltage dependence of the cationic current have yet to be studied. It is also not known whether there are surface charges on or near the cationic channel. If this is so, then changes in divalent cation concentration will result in modulation of channel properties such as conductance or voltage dependence through indirect actions on the surface potential. Thus, in the present study we tested the effects of extracellular Ca2+and Mg2+ on Ihat evoked in guinea-pig ileal smooth muscle cells. I1at was activated by the muscarinic agonist, carbachol, applied to single isolated cells and its voltage dependence in all experiments with ion substitutions was monitored repeatedly at short intervals by applying rectangular or ramp-like voltage commands under voltage clamp. The results obtained are compatible with the idea of negative surface charges present near the muscarinic receptor cationic channel, which enable its strong modulation by physiologically important divalent cations, whereas voltage-dependent gating is likely to represent an intrinsic property of the channel. Some of these results have been reported previously (Zholos & Bolton, 1993) .
METHODS
Experimental procedures were generally the same as those described previously (Zholos, Komori, Ohashi & Bolton, 1994 (Tsien, 1980) ); pH adjusted to 7-4 with CsOH. The basic external solution consisted of ( Chemicals and drugs used were: collagenase (Type 1A), ATP (magnesium salt), creatine, GTP-y-S, Hepes, BAPTA, N-methyl-D-glucamine (NMDG) and carbamylcholine chloride (carbachol); all from Sigma.
The solution exchange rate was tested using two methods as illustrated in Fig. 1 . Firstly, high-K+ solution was applied during test depolarization to 0 mV which corresponded to the equilibrium potential for potassium (EK) under these ionic conditions (Fig. 1A) .
This resulted in a rapid decline of K+ current (IK) to zero level as expected. The time course could be well described by a single exponential function with the mean time constant of 338 + 44 ms from eight measurements. Secondly, Ca2+-free external solution (Ca2+ replaced by Mg2+) was applied while Ca2+ current (Ica) amplitude was monitored upon stepping the membrane potential from -50 to +10 mV (15 ms duration) at 2 Hz (Fig. 1B ). In this case both Ica inhibition and recovery could also be well fitted by single exponential functions with time constants of 2-80 + 0-20 (n = 10) and 1P80 + 0-15 s (n = 7), respectively. Thus, these effects developed significantly more slowly.
A -50 mV 10
RESULTS

Control experiments
ICat generated in smooth muscle cells shows a strong dependence on [Ca2+]i (Inoue & Isenberg, 1990b; Pacaud & Bolton, 1991; Komori, Kawai, Pacaud, Ohashi & Bolton, 1993) . Therefore, in the present experiments it was important to minimize possible changes in [Ca2+]1. Figure 2 illustrates two typical examples, one obtained in the experiment in which [Ca2+]i was weakly buffered by 50 uM EGTA in the pipette solution ( Fig. 2A ) and another in which [Ca2+]i was strongly buffered to 100 nm using 10 mM BAPTA (Fig. 2B) . The large h,at tail current evoked by depolarization-induced Ca2+ entry was completely blocked in experiments with BAPTA despite the fact that Ca2+ entry calculated as the ICa integral over the pulse duration was about 5 times larger in Fig. 2B compared with Fig Carbachol was usually applied at the holding potential of -40 mV; this resulted in Icat activation with a delay and time course of activation in the range of several seconds ( Fig. 3 ). When the membrane potential was stepped to a more negative value (-120 mV in Fig. 3 ), hat almost instantaneously increased in keeping with its almost linear instantaneous I-V relation (equilibrium potential for Nae (ENa) was 0 mV in Fig. 3A ; equilibrium potential for Cs+ (Ec8) was 0 mV in Fig. 3B and C) and then relaxed to a new (quasi-)steady-state level in keeping with its U-shaped steady-state I-V relation (Benham et al. 1985; Inoue & Isenberg, 1990a) which could be even smaller than that at -40 mV as shown in Fig. 3A and C. In the majority of cells the relaxation process upon stepping to more negative potentials could be well fitted by a single exponential function with the mean time constant of 171 + 7 ms (n = 83) at -120 mV. Thus in experiments on kinetics of Icat relaxation we used a pulse duration of 1200 ms to ensure that the relaxation was complete during the pulse. Also, when the I-V relation was examined we applied voltage ramps sufficiently slowly in order that it would be approximately the same as that obtained by application of voltage steps.
At these very negative potentials Icat fluctuations typically increased severalfold ( Fig. 3 ), probably as a result of both an increase in the driving force (larger single channel current) and a decrease in the channel open probability. The latter is strongly suggested by the decrease in the integral steady-state current. When the membrane potential was stepped back to -40 mV, current reactivated to, or close to, its control value (desensitization did not develop appreciably during the duration of the experiments illustrated in Fig. 3 ). Ihat noise also decreased. This type of ICat behaviour was characteristic under all experimental conditions tested such as using Nae (Fig. 3A) , Cs+ (Fig. 3B) or K+ (not illustrated) gradients. Cells bathed in divalent cation-free solutions also showed the same Ihat behaviour as shown in Fig. 3C .
To obtain the I-V relation for Ihat a series of shorter pulses was applied before and during carbachol application ( Fig. 4A ); Icat could then be obtained by subtracting currents (Fig. 4B ). As the membrane potential was stepped to progressively more negative values, instantaneous Iat increased (ENa was 0 mV) and its relaxation also accelerated producing diminished steady-state levels (plotted in Fig. 4C ) (cf. Inoue & Isenberg, 1990a) . In this experiment Na+ was used as the main cation in both external and pipette solutions and Ca2+ and Mg2+ were also present in the external solution.
The experiment illustrated in Fig. 5 shows that if the direction of the current flow was reversed, the I-V relation for hoat still remained strongly non-linear at negative The voltage protocol is indicated at the top of each panel. A, high-Nae (125 mM) external and internal solutions with 2-5 mm Ca2+ and 1-2 mm Mg2+ present in the external solution. B, high-Cs+ (125 mM) external and internal solutions with 2-5 mm Ca2+ and 1-2 mm Mg2+ in the bathing solution. C, same conditions as in B except that CaCl2 and MgCl2 were not added to the external solution. Carbachol (50 uM) was applied as indicated by the horizontal bars. In these and all subsequent experiments illustrated intracellular Ca2+ was strongly buffered using 10 mm BAPTA. potentials (outward rectification). In the control (same conditions as in Fig.4 ) the I-V curve was obtained by applying a ramp pulse from +40 to -120 mV ( Fig. 5A a and Ba). This was more convenient and gave essentially the same result as a rectangular pulse protocol (cf. Fig. 4C ).
With the same protocol, the I-V relation was obtained after extracellular Nae was replaced by NMDG ( Fig. 5A b and B b) (extracellular Ca2+ and Mg2+ were also absent).
As already mentioned replacing Nae by K+ or Cs+ produced similar results. We preferred, however, to use Cs+ for two reasons: (i) it is an effective blocker of Ca2+-dependent K+ period during which instantaneous voltage steps from -40 to -120 mV (1I2 s duration), to monitor kinetics of I,at relaxation, and voltage ramps from +80 to -120 mV (3 s), to monitor the I-V relation, were applied repeatedly at 20 s intervals ( Fig. 6A , top trace). Figure 6B shows superimposed 4at traces obtained during instantaneous voltage steps to -120 mV at times indicated in Fig. 6A . The most pronounced effect during desensitization was in the amount of current relaxation or, in other words, on Ihat steady-state amplitude at -120 mV, an effect which can also be seen by comparing I-V curves at the corresponding moments in Fig. 6C . In this cell, steady-state Icat amplitude decreased by 20, 40 and 84% at +80, -40 and -120 mV, respectively, after 4 min. This was due to a positive shift of the activation curve for I4at during desensitization (see also for details). Similar experiments were performed on eleven cells and averaged data were used in compiling statistics on the effects of ion substitution (e.g. in Fig. 13 ).
Effects of extracellular Mg2" on IC^t
Mg2+ has been shown to inhibit a variety of different ionic channels either from inside or outside of the membrane (see Discussion). This might result from an open channel block (plugging the channel) or an indirect action produced by shielding or screening of surface charges if they are present adjacent to important ion channel functional sites. Therefore we attempted to investigate the mechanism of action by monitoring changes in the I-V relation of Ihat during Mg2+ application (Fig. 7) . A series of voltage pulses from -60 mV to different test potentials ranging from 0 to -120 mV was applied several times as shown in the top panel. Mg2+ (10 mM) was added for a period to divalent cation-free external solution during the application of carbachol (Fig. 7 , bottom panel). Mg2+ strongly and rapidly inhibited Ihat at the holding potential (time constant 3-8 s in Fig. 7 ). This effect was concentration dependent ( Fig. 13B ) and reversible (e.g. in Fig. 7 the time constant of Icat recovery was 3*3 s).
It is interesting to note here that the time course for the effects of both Mg2+ application and removal was very similar to that of the effects of Ca2+ removal or application on Ica amplitude (see Methods). On average, Ihat after Mg2+ application decreased with the time constant of 1-60 + 0 47 s (n = 9) and increased after Mg2+ removal with the time constant of 3-25 + 0-58 s (n = 5). Effects of Ca2+ on Ihat developed with a similar time course (see later) and in both cases these effects developed at least 5 to 10 times slower than the effects of high-K+ solution application on IK (Fig. 1 ), suggesting an importance of some diffusional barriers and/or binding-unbinding kinetics for divalent cation action rather than simply superfusional delay.
In Fig. 8A steady-state Icat amplitudes obtained at the end of each pulse are plotted against membrane potential. In carbachol (without divalent cations in the external solution) the I-V curve deviated considerably from linearity at potentials negative to -60 mV (Fig. 8A, 0) . Two characteristic features of the effect of Mg2" on Ihat are seen in Fig. 8A (0) . Deviation from linearity occurred at a less negative membrane potential and Icat was inhibited more strongly at -120 than at -40 mV (by 81 vs. 64%). Both observations are compatible with the idea of a voltagedependent blocking action of Mg2+ or, alternatively, a positive shift in the Ihat activation curve. It can be seen in A, the top trace shows that voltage pulses were applied every 20 s and consisted of instantaneous voltage steps to -120 mV and then to +80 mV (1-2 and 0-6 s duration, respectively), followed by ramp from +80 to -120 mV (3 s) as shown in detail on an expanded time scale in the middle. The bottom trace shows the original current record during prolonged carbachol (50 /4M) application (indicated by the horizontal bar). B, superimposed Icat traces during voltage steps from -40 to -120 mV obtained at times indicated in A (a-e). C, I-V relations during the voltage ramps at the same times (a-e). Symmetrical high-Cs+ solutions were used as bath and pipette solutions in the experiment illustrated in this and in all subsequent figures.
The external solution was Ca2 and Mg2+ free. J: Physiol.486.1 Fig. 7 that Ihat changed appreciably due to desensitization even during the short period in which the I-V relation was being established. An attempt was made to account for these changes in Fig. 8A (dashed lines) . To make these corrections, Ihat at the holding potential just before each pulse of the series was measured and used to correct the measured Ihat at the end of the pulse. This did not change significantly the overall shape of the I-V curves. In Fig. 8B these corrected values were used to calculate membrane conductance activated by carbachol under different ionic conditions (symbols used correspond to those in Fig. 8A) . The cationic conductance could be well fitted by the Boltzmann function (continuous lines). Two major effects of 10 mM Mg2+ were to decrease the maximal conductance (gmax) from 40 to 16 nS and to produce a shift in the potential of half-activation (V%) by about +17 mV from -105 to -88 mV (in Fig. 8C gmax is normalized as 1 0).
Both of these values are somewhat overestimated because changes in the same direction also developed during desensitization. After Mg2+ removal gmax was 34 nS and V% was -94 mV instead of -105 mV at the beginning of the experiment. Similar changes were observed when the conductance was evaluated in the conventional manner by measuring I,at tail currents. This is also illustrated in Fig.7 . Two traces superimposed in the inset show the change in Ihat following a voltage pulse from -60 to 0 mV in the absence (a) or in the presence (b) of Mg2+. In trace a no tail current developed indicating full conductance activation already at -60 mV whereas in b, Ihat following a voltage step to 0 mV was larger suggesting additional potential-dependent activation had occurred. An important observation was that the slope factor did not change when Mg2+ was applied (-22-9, -22-2 and -21P2 mV in control, in 10 mM Mg2+ and after washing, respectively, for functions plotted in Fig. 8B ). On average a nonsignificant decrease by 5 + 3 (n = 3) and 3 + 3% (n = 10) was observed with 2-5 and 10 mM Mg2+, respectively (100% in control (Mg2+-free solution) corresponded to a Figure 7 . Effect of extracellular Mg2+ on Icat I,at was activated by 50 uM carbachol added to divalent cation-free external solution. After Ihat reached a peak size and its voltage dependence had been evaluated by applying a series of pulses (top panel) 10 mm Mg2+ was added as shown. The same voltage protocol was used to measure the I-V relation in the presence and after the removal of Mg2+. Shown in the inset are two Icat traces (corrected for the small carbachol-independent current -Mg2+ had negligible effects in carbachol-free solution) obtained during steps to 0 mV before and during Mg2+ application. Current at 0 mV (reversal potential of Icat) is flat and close to zero. Note that the Icat tail current develops following the pulse in Mg2+-containing (b) but not in Mg2+-free (a) solution. Figure 9 . Effect of Mg"+ on kinetics of I4at relaxation upon stepping to a negative potential A, voltage steps from -40 to -120 mV were applied repeatedly at 8 s intervals as indicated in the top panel during carbachol (50 FM) and Mg2+ (10 mM) application. B, Icat during voltage steps before and during Mg2+ application obtained at times indicated in A (a and b, respectively). A scaled version of b is also shown to match the peak size of trace a (multiplied by 2 63) and provides a more direct comparison. Trace a and the scaled version of b were fitted by single exponential functions with time constants of 109 and 79 ms, respectively. The steady-state current at -120 mV was somewhat larger than that at -40 mV in Mg2+_free solution and became smaller in the presence of Mg2+. Note also that Mg2+ produced a clear re '.dction in the current noise, particularly at negative potentials (compare traces a and b in B).
Boltzmann slope factor (k) of -20-9 + 0-8 mV (n = 13)). This means that if Mg2+ had a voltage-dependent blocking action on the cationic channels its voltage dependence must be identical to that of the cationic channel gating. Thus, such a mechanism does not seem to be likely to operate, although it cannot be ruled out absolutely.
We also noticed that Icat relaxation at negative potentials accelerated substantially in the presence of Mg2+. To follow the changes in the kinetics more closely, only pulses to -120 mV were applied with short intervals as illustrated in Fig. 9A. In Fig. 9B two current traces (corrected for any current before carbachol application as usual) are superimposed as well as a scaled version of Icat in the presence of 10 mM Mg2+ (b) to match the maximal amplitude of the control current (a). Both could be well fitted by a single exponential function (superimposed continuous curves) with the time constants of 109 and 79 ms before and during Mg2+ application, respectively. On average, Mg2+ decreased the time constant of Ihat relaxation at -120 mV by 23 + 8 (n =5) and 41 + 4% (n = 7) at 2-5 and 10 mm, respectively. This effect seems to be consistent with the positive shift of the activation curve for Icat (Fig. 8B) , which predicts that steps from -40 to -120 mV are not equivalent before and after Mg2+ application, due to the positive shift in the position of the Boltzmann curve. -80 -120 Comparison between the effects produced by Ca2+ and Mg2+ It is quite common that, as far as the effects of divalent cations on surface charges are concerned, Ca2+ has a similar or even a more pronounced action because in some cases, in addition to shielding or screening of surface charges (Gouy-Chapman theory, Ca2P and Mg2" are equipotent), it may also have some more specific binding sites (Gouy-Chapman-Stern theory). The experiment illustrated in Fig. 10 was similar to that in Fig. 9 except that in this case 10 mm Ca2P was applied. In contrast to Mg2+, Ca2+ was less potent at -120 than at -40 mV (18 and 39% inhibition, respectively; Fig. 10 ). As will be seen later this reduced the I-V deviation from linearity at negative potentials and distorted the voltage dependence of the cationic conductance. In contrast to Mg2+, Icat relaxation at -120 mV was retarded (cf. Figs 10B and 9B). The time constant in Fig. lOB increased from 143 to 270 ms and, on average, this increase was by 59 + 27 (n = 3) and 45 + 9% (n = 7) with 2 5 and 10 mM Ca!+, respectively. Figure 11 illustrates these differences in the mechanisms of actions of Ca!+ and Mg2+ further. The I-V relations in Fig. 1 1A a and Ba were obtained from two different cells during voltage ramps from +80 to -120 mV (6 s duration) Figure 10 . Effect of CO2+ on kinetics of h,at relaxation upon stepping to a negative potential A, all experimental conditions and protocols were similar to those described for Fig. 9A except that 10 mM Ca2+ was applied in the presence of carbachol (50,uM) . B, as in Fig. 9B three traces are shown superimposed on each other: two original traces obtained before and after Ca2+ application as shown (a and b, respectively) and a scaled version of b to match the peak size of a (multiplied by 1-86 for this purpose). The time constants of single exponential fits were 143 ms before Ca2P application and 270 ms during Ca2+ application. Note also that the steady-state current at -120 mV was smaller than that at -40 mV in Ca2+-free solution and became comparatively larger in the presence of Ca2+. Figure 11 . Comparison between the effects of Mg2" and Cae' on Iat, activated by 50 /SM carbachol A: a, I-V relation for I,at obtained before and during the application of 10 mM Mg2+ during voltage ramp from +80 to -120 mV (6 s duration); b, the amplitude of I,at was converted into conductance as described (see text) and fitted by the Boltzmann relation with the following best-fit parameters in the absence and presence of Mg2+, respectively: gmax' 25X5 and 10-3 nS; V%, -104-3 and -65i9 mV; k, -15-5 and -16-2 mV; c, Boltzmann functions from b plotted for normalized conductance. B: a, in a similar experiment on a different cell the I-V relation for Icat was obtained before and after the application of 10 mM Ca2+. Note that in the presence of Ca2P the I-V relation was less U-shaped. b, voltage dependence of the cationic conductance was characterized by the following parameters in the absence and presence of Ca2+, respectively: gmax' 31P2 and 14-5 nS; V%, -108-7 and -67X3 mV; k, -20-0 and -29-0 mV. c, normalized Boltzmann functions. rather than during voltage steps. At negative potentials, conductance values were calculated by dividing 1Cat amplitude by the driving force (EcS was 0 mV) and plotted in Fig. 1 1A b and Bb. The effects for Mg2+ were similar to those already described for voltage pulses (cf. Figs 1 l A and 8 ). On the one hand, like Mg2+, 10 mm Ca2+ decreased 9max and shifted the activation curve in a positive direction (on average, 19-1 + 3-9 mV (n = 11) for Ca2+ vs. 28-9 + 3-1 mV (n = 10) for Mg2+). On the other hand, it had a different effect to Mg2+ in that it increased the slope factor on average by 37 + 6% (n = 11). These differences could be better illustrated if maximal conductance at 0 mV was normalized before and during Mg2+ or Ca2+ application as shown in Fig. 1 1A c and Bc, respectively; a parallel shift of the activation curve produced by Mg2+ and 'cross-over' of the ind T B. Bolton J Phy8iol. 486.1 activation curves produced by Ca2+ with a relative increase in conductance at very negative membrane potentials can be observed. The latter effect cannot be explained by the surface-potential theory. Differences in the time constant of relaxation upon a negative step would also be expected to follow from such a difference in the activation curves, but these were not looked for specifically. It should be noted here that in this figure as well as in others (Fig. 6C ) a linear portion of the I-V curve was observed typically between 0 and -40 mV. It is from this region that the cationic 9max was estimated. Close to 0 mV, however, an inflection was typically seen with decreased conductance at potentials positive to 0 mV. We did not study this in detail though it seems that this is not a peculiar effect of the membrane potential close to 0 mV, but rather the fact that Ihat reversed at this potential under the ionic conditions used. When the equilibrium potential was shifted to more positive values such as +65 mV, the linear portion of the I-V curve was extended to positive potentials (not shown).
Effects of Ca2+ and Mg2" on GTP-y-S-activated cationic current
As the effects of Ca2+ and Mg2+ on heat turned out to be somewhat different, an important test would be to see whether divalent cations affect cationic channels or, possibly, muscarinic receptors as well. These receptors are reported to be linked to the cationic channels by a pertussis toxin-sensitive G-protein (Inoue & Isenberg, 1990c; Komori, Kawai, Takewaki & Ohashi, 1992 
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( 1 1) cationic current 79 reach its maximum (3-4 min in our experiments). An additional advantage in these experiments was the very slow rate of desensitization of GTP-y-S-activated Iat which lasted in some cells for up to 90 min with only a small decline (see . This allowed the application of different concentrations of divalent cations to the same cell and even several repetitions of these applications.
In these experiments we obtained results very similar to those already described for carbachol-activated Iat with respect to both changes in the I-V relations (left panels in Fig. 12A and B for the effects of Mg2+ and CaP, respectively) and Icat kinetics of relaxation (right panels). We noticed only that GTP-y-S-activated Icat at positive potentials seemed more sensitive to divalent cations than carbachol-activated current (cf. Fig.1lAa and Ba) , an effect which we did not study further. Fig. 13A (IO also shows the relative size of Ic.t at -40 mV in an average cell after 30 s carbachol application if no intervention was made (desensitization); effects of divalent cations were tested within this interval.
For GTP-y-S-activated ICat, desensitization is not shown as practically no change was seen during this time. For the purposes of quantitative comparison the U-shaped I-V curve could be characterized by the decline in the current at negative potentials, which was measured for both carbachol-and GTP-y-S-activated I,at and amounted to 37 + 3 (n = 32) and 31 + 3% (n = 8), respectively, at -120 mV compared with its value at -40 mV. Thus, Fig. 13B and D show that with Mg2+ the deviation of the I-V curve at negative potentials increased whereas with Ca2+ it remained unchanged or decreased corresponding to a more linear I-V curve. For carbachol (Fig. 13B ) it is also necessary to take into account that the I-V relation also curved more strongly spontaneously during desensitization (right column in Fig. 13B; cf. Fig. 6 ).
The similarity of the effects of divalent cations on carbachol-and GTP-y-S-activated Ihat suggests that a common target is involved, which is likely to be the cationic channel rather than the muscarinic receptor. However, we do not exclude the possibility that divalent cations may also affect, for example, agonist binding to the receptor. From measurements on twenty cells when different concentrations of carbachol were applied, the EC50 for I,at at -40 mV in Ca!+and Mg2+-free conditions was estimated to be 3 9 uM; 50 #M carbachol resulted in 93% of its activation if compared with 500 uM. Thus, the concentration we used in the present experiments is nearly saturating and possible changes in the receptor affinity, if not dramatic, may hardly affect these results.
DISCUSSION
The cationic channels are primarily gated by muscarinic receptor activation and are not detectably open in its absence. Muscarinic receptors seem to be linked to cationic channel opening in guinea-pig small intestinal smooth muscle cells by a pertussis toxin-sensitive G-protein (Inoue & Isenberg, 1990c; Komori et al. 1992 ). The cationic channel is sensitive to [Ca2P]i (Inoue & Isenberg, 1990b; Pacaud & Bolton, 1991) . It can admit some Ca2P when Ca2+ is the only external cation (Bolton & Kitamura, 1983;  Bolton, Lim, Salmon & Beech, 1988) but in bathing solutions of more normal composition the amount of Ca2+ entering is small and noticeable changes in [Ca2+]i were not seen (Pacaud & Bolton, 1991) in contrast to the cationic channel opened by activation of ATP receptors (Benham, Bolton, Byrne & Large, 1987; Benham & Tsien, 1987; Benham, 1989) . However, increasing [Ca2+]i alone does not open the cationic channel, e.g. if caffeine is applied to release the Ca2+ store (Pacaud & Bolton, 1991) .
When only a single monovalent cation species is present in the bathing solution, such as Cs+ or Na+, the cationic current, I,at' having been gated by receptor activation, shows strong voltage-dependent behaviour (Benham et al. 1985; Inoue & Isenberg, 1990a; . In the present work the conductance underlying I,at behaved in a manner which could be described by a Boltzmann relation in common with most other voltage-gated conductances. The usual interpretation of Boltzmann-type behaviour of ion channels is that there are charges on the channel that are subject to the potential field across the membrane. The e-fold change in conductance for about 22 mV corresponds to between one and two charges exposed to the membrane potential field. It is also well known that some ions may produce strong rectification or an apparent voltage dependence of the currents through receptor-operated channels; this is particularly true and seems to be the rule rather than the exception for Mg2+ (NMDA receptor current: Mayer et al. 1984; Nowak et al. 1984; Jahr & Stevens, 1990; Johnson & Ascher, 1990 ; neuronal nicotinic acetylcholine receptor currents: Mathie, Colquhoun & Cull-Candy, 1990; Ifune & Steinbach, 1991 , 1992 Sands & Barish, 1992 ; muscarinic receptor K+ current: , 1989 . Mg2+ also acts as an open channel blocker to produce voltage-dependent block and inward rectification of various other currents such as inward rectifier (reviewed by Matsuda, 1991) or ATPsensitive K+ current (Horie, Irisawa & Noma, 1987) .
The effect of increasing Mg2+ in the bathing solution was to depress gmax and to shift positively its voltage dependence along the voltage axis, an effect seen in a number of other voltage-gated ion channels (see Hille, 1992) and explicable as a Gouy-Chapman effect of the divalent cation screening fixed negative charges on the channel or its vicinity. We have also found a similar effect of decreasing pH (Zholos & Bolton, 1993) . The position of the conductance-voltage curve was shifted on the voltage axis but its slope was not changed. It would seem that the charges which influence the probability of channel opening are sensitive to the membrane potential field but not sensitive to Mg2+ ions in the vicinity of the outer membrane surface or channel mouth. These Mg2+ ions do seem to create a reduced surface negativity so that the potential gradient through the membrane is steepened even though the measured membrane potential was unchanged. This would have the effect of shifting the relation between measured potential and conductance positively. Also, the increased concentration of positive Mg2+ ions in the mouth of the channel would reduce the concentration of monovalent permeant cations (Cs+, Na+ or K+) in the mouth of the channel and so reduce 9max.
The effects of Ca!+ were not exactly the same as those of Mg2+ and this is not as predicted by the Gouy-Chapman theory. Both ions are expected to reduce the conductance and shift the conductance-voltage relation positively in a parallel manner along the voltage axis. In fact the slope of the Boltzmann relation was reduced by Ca2+ and the rate of relaxation of the current upon a negative step from -40 to -120 mV was slowed; in contrast it was accelerated when Mg2+ was applied. This effect can be explained by the reduction in slope of the Boltzmann relation (Fig. 11) . It is possible that the change in slope can be explained by limited permeation of Ca2+ through the channel as [Ca2+]i is known to strongly potentiate channel opening ( Fig. 2 and Inoue & Isenberg, 1990b; Pacaud & Bolton, 1991) . Within the inner mouth of the channels Ca2+ may act without being bound to the BAPTA anion present inside the cell.
Thus [Ca2+]i may not rise as it does when buffering is weak ( Fig. 2A ) but sufficient Ca2P may permeate to affect opening probability during current flow. In conclusion, we did not observe any indication that the voltage dependence of I,at in smooth muscle cells is caused by the permeant cation, or by the divalent cations Ca2+ and Mg2+. Thus, it most probably represents an intrinsic property of these channels that is rather unusual. Our recent data from experiments with flash-released GTP and GDP-,-S suggest that the concentration of G-protein in the cell controls the voltage-dependent properties of this channel . The observed effects of divalent cations suggest the presence of fixed negative surface charges on or near the channel, which allow its strong modulation by these common and hence physiologically important ions.
